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Helical repeat of DNA in the region of homologous pairing
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ABSTRACT The process of DNA strand exchange during
general genetic recombination is initiated within protein-
stabilized synaptic filaments containing homologous regions
of interacting DNA molecules. The RecA protein in bacteria
and its analogs in eukaryotic organisms start this process by
forming helical filamentous complexes on single-stranded or
partially single-stranded DNA molecules. These complexes
then progressively bind homologous double-stranded DNA
molecules so that homologous regions of single- and double-
stranded DNA molecules become aligned in register while
presumably winding around common axis. The topological
assay presented herein allows us to conclude that in synaptic
complexes containing homologous single- and double-
stranded DNA molecules, all three DNA strands have a
helicity of approximately 19 nt per turn.

By characterizing the DNA structure adopted during the
process of homologous recognition, it should be possible to
decipher the actual molecular mechanism of DNA recombi-
nation. When double-stranded DNA (dsDNA) is covered with
RecA protein, the former gets stretched by 50% and partially
unwound to form a right-handed helix with 18.5 bp per
right-handed turn (1–4). It has been proposed that this change
of DNA structure is instrumental in the process of homologous
recognition and strand exchange (5–8). However, to date there
have been no measurements of DNA helicity during pairing,
thus it was possible that DNA unwinding during the pairing
stage is different than in the RecA–dsDNA complexes char-
acterized earlier. For example, RecA could locally induce
complete DNA unwinding during the stage of homologous
pairing. Several earlier studies showed that there is extensive
unwinding of duplex DNA during pairing with homologous
single-stranded DNA (ssDNA) (9–11); however, these studies
did not determine DNA helicity in the region of pairing. We
demonstrate herein that during pairing between ssDNA and
dsDNA, the duplex DNA conforms to the helical parameters
of the RecA filament by adopting a structure in which both
strands wind coaxially in right-handed manner and that it takes
'19 nt of each strand to complete a turn.

MATERIALS AND METHODS

Unwinding Assay. Single-stranded oligonucleotides, 72-
mers, 94-mers, and 116-mers (MedProbe, Oslo) at a concen-
tration of 50 mM nucleotides were incubated with 30 mM RecA
protein (purified according to ref. 12) for 5 min at 37°C in 20
mM triethanolamine acetate, pH 7.4y1 mM magnesium ace-
tatey10% glyceroly1 mM dithiothreitoly1 mM ATP. The
complexes were then stabilized by the addition of adenosine
59-[g-thio]triphosphate (ATP[gS]) to a concentration of 2 mM.
After 30 min of further incubation, 100-ml portions of the
reaction mixtures were gel-filtered by using 1-ml spun columns

containing Sepharose CL-4B preequilibrated with 20 mM
triethanolamine acetate, pH 7.4y1 mM magnesium acetatey1
mM dithiothreitoly1 mM ATP[gS]. The flow-through frac-
tions contained RecA-covered oligonucleotides but were free
from unpolymerized RecA monomers. These fractions were
then incubated with either singly nicked circular dsDNA
molecules (by DNase I in the presence of ethidium bromide)
or covalently closed dsDNA molecules relaxed by topoisom-
erase I (wheat germ; Promega). Typically, 11.2 nM pUC18
molecules (form II or IV) were mixed with a 5- to 10-fold
molar excess of complexes (56 nM–112 nM ssDNA molecules)
in 100 ml of column buffer, and then the magnesium acetate
concentration was increased to 6 mM to stimulate the pairing
reaction. The pairing reaction continued for 1 h at 37°C, and
then either T4 DNA ligase (500 unitsyml; Promega) supple-
mented with 1 mM ATP or wheat germ topoisomerase I (100
unitsyml) was added and the reaction proceeded for 30 min at
37°C. Subsequently, the samples were deproteinized and an-
alyzed on agarose gels (see Figs. 2 and 3).

Electron Microscopy. The negatively stained specimens
were prepared as described in ref. 13.

RESULTS

To measure the helical repeat of DNA in the region of pairing,
we devised the following topological assay (Fig. 1). Short
single-stranded oligomers (72-mers, 94-mers, or 116-mers)
were complexed with RecA protein to form presynaptic fila-
ments. These filaments upon separation from unbound RecA
were then incubated with circular dsDNA containing se-
quences homologous to the ssDNA present in the presynaptic
complexes. The circular dsDNA molecules were either in a
covalently closed relaxed form produced by topoisomerase I
(Fig. 1) or in a singly nicked form produced by DNase I. Upon
pairing between RecA-covered oligonucleotides and homolo-
gous sequences in the circular DNA, either topoisomerase I
was added to allow a change of the linking number of
covalently closed DNA involved in pairing (Fig. 1) or T4 DNA
ligase was added to close the nicked DNA. After deprotein-
ization, DNA samples were analyzed by gel electrophoresis to
measure the extent of unwinding.

Fig. 2 Left shows that incubation of RecA-covered 94-mers
with dsDNA containing one copy of the same sequence
resulted in limited unwinding of the duplex DNA. The most
abundant topoisomers produced upon pairing had their linking
number decreased by 6 compared with the most abundant
topoisomers produced in corresponding control reactions
without RecA-covered 94-mers. This result was independent
of the type of enzyme (topoisomerase or ligase) used in the
assay whereby the 5:1 or 10:1 molar ratios of oligonucleotides
to target plasmids produced the same unwinding (data not
shown). Control reactions containing plasmids with no homol-
ogy to the RecA-covered 94-mers showed that there was no
appreciable unwinding (Fig. 2 Right).
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When we started this project, we considered two possible
outcomes of the unwinding assay. If the incoming single-strand
pairs with its complement while the displaced strand is extra-
helical (D-loop formation), one should observe a complete
unwinding of dsDNA in the region of pairing. This should then
lead to unwinding by one turn per each 10.4–10.5 bp of the
pairing region (15) and thus to the expected decrease of the
linking number by 9 for plasmids with a 94-bp homology to the
ssDNA in the presynaptic filaments. The second possibility we
considered was that in the region of pairing, all three partic-
ipating strands are brought into a coaxial arrangement, by
RecA, with 18.6 bases per turn (5). In such a case, the 94 bp
of duplex DNA in the region of pairing would decrease its twist
from almost 9 to almost 5, resulting in the reduction of the
linking number by 4.

The observed reduction of the linking number by 6 was
apparently too low for the classical D-loop formation and
rather too high for the pairing within a helical structure with
18.6 bases per turn. However, it was observed earlier that when
RecA-covered oligonucleotides interact with their target se-
quences on dsDNA, the regions extending 11–14 bp beyond the
59 and 39 ends of the paired oligonucleotide are protected from
restriction enzymes (16). This suggests that RecA-covered
oligonucleotides may affect the DNA structure over short
stretches flanking the region of homologous pairing. It is
possible that in these flanking regions, the DNA structure
remains partially unwound resulting in a significant additional
unwinding of plasmids undergoing pairing over a short length.

To compensate for these end effects and to verify that the
observed unwinding does not depend on a particular sequence
in the region of pairing, we took two additional oligonucleo-
tides with different sizes (72-mer and 116-mer) that were
homologous to other regions of the same plasmid. If instead of
examining the absolute unwinding induced by the pairing with
72-mer, 94-mer, and 116-mer, one examines the differences
between them, the ‘‘end effects’’ are compensated for (in each
case one should expect a similar end effect). The observed
difference of unwinding can then be attributed directly to the
change of DNA helicity in the pairing region of 22 bp or 44 bp,
respectively.

Fig. 3 A and B shows the difference of unwinding induced
by the pairing with 94-mers and 72-mers or by pairing with
116-mers and 94-mers is almost exactly 1, which is the expected
value of unwinding over 22 bp when DNA helicity changes
from 10.4 bp per turn to 18.6 bp per turn (22y10.4 2 22y18.6 5
2.12 2 1.18 5 0.94). It follows that the difference of unwinding
induced by pairing with 116-mer and 72-mer approaches a
value of 2. In Fig. 3C, the unwinding results of three indepen-
dent experiments are plotted and compared with the expected
unwinding by assuming complete despiralization of the duplex
DNA in the region of pairing (upper line) or assuming that
each strand of the duplex winds around a common axis as it
takes 18.6 bases per turn (lower line). It is visible that obtained
experimental results are very close to the prediction of the
second model.

To obtain additional insight into the mechanism of the
pairing reaction, we prepared electron microscopy specimens
from ongoing pairing reactions. Fig. 4 shows interactions
between RecA-covered 94-mers and relaxed plasmid mole-
cules with a homologous target sequence. Interestingly, the
observed RecA filaments are usually severalfold longer than
the expected length of RecA-covered 94-mers. Because RecA–
DNA complexes have a tendency for end-to-end stacking to
form trains (17), the observed filaments are probably com-
posed of several RecA-covered 94-mers. Only one 94-mer in
the train can pair homologously with a given plasmid; however,
94-mers flanking the paired one may interact nonspecifically
with the short regions of the duplex DNA flanking the target
sequence. This may produce the additional unwinding ob-
served herein and cause protection from restriction enzymes
(16). However, as shown in Fig. 4, the unspecific interaction is
rather limited because it appears that each dsDNA molecule
enters the filament over a region corresponding to '100 bp, as
if uptake of duplex DNA into presynaptic RecA–ssDNA
complex would be attenuated beyond the region of homology.

DISCUSSION

We worked herein with RecA–ssDNA complexes stabilized by
ATP[gS], a very slowly hydrolyzable analog of ATP (18). This

FIG. 1. Schematic presentation of the unwinding assay where topoisomerase I changes the linking number of covalently closed dsDNA molecules
(drawn with a single thick line) that are involved in the pairing reaction with RecA-covered oligonucleotides (A) and the proposed DNA structure
within RecA-mediated synaptic filaments (B). In B, notice that all three strands in the pairing region are shown in a coaxial right-handed
arrangement with approximately 18.6 bases per turn and that the incoming single strand (thick line) is base-paired with its complement in duplex
DNA but the strand to be displaced in the reaction is not base-paired but still well structured within the helical RecA–DNA filament.
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allowed us to column-purify the presynaptic complexes from
free RecA monomers that could otherwise unwind dsDNA by
directly binding to duplex DNA (19). The use of ATP[gS]
instead of ATP raises the question of the biological relevance
of our findings. However, many RecA studies have demon-
strated that RecA–DNA complexes formed in the presence of
ATP[gS] or ATP are very similar in their activity and struc-
ture. For example, efficient homologous recognition occurs in
the presence of ATP and ATP[gS] (20, 21). The process of
strand exchange also proceeds efficiently in the presence of
ATP[gS] (21, 22). The helicity of dsDNA upon covering by
RecA is practically the same in complexes formed in the
presence of ATP and ATP[gS] (4). At present it seems that
ATP hydrolysis is only needed for the strand exchange between
partially heterologous sequences and for releasing the RecA
from DNA upon termination of strand exchange (23, 24). Thus
the synaptic complexes formed in the presence of ATP[gS] are
well suited for the investigation of pairing and strand exchange
between fully homologous sequences.

Several reports have addressed the question of strand ar-
rangement within RecA filaments containing homologous
ssDNA and dsDNA molecules. There are strong indications
that in such filaments formed in the presence of ATP[gS], the
DNA strands are already switched; i.e., against chemical
probes, the original single strand behaves like a strand of
duplex DNA, whereas the strand to be displaced in the reaction
behaves like a single strand (25). Other studies (21, 22) lead to

the conclusion that in these complexes DNA strands are either
already switched or at least strongly poised to be switched. On
the basis of the unwinding data presented herein and the
above-mentioned structural information, we propose that
within synaptic complexes all three participating DNA strands
form a coaxial helical arrangement with approximately 19 nt
of each strand per helical turn (see Fig. 1B). Most likely the
strands are already in the post-exchange arrangement; i.e., the
incoming single strand is base-paired with its complement

FIG. 2. Pairing induces a limited DNA unwinding. A 1% agarose
gel was electrophoresed for 20 h at 2 Vycm in 0.5 3 TBE buffer
containing chloroquine at 0.4 mgyml. At this concentration of chlo-
roquine, there is a significant induction of positive supercoiling in the
DNA molecules being analyzed so that incoming ssDNA is prevented
from being retained by the covalently closed duplex DNA molecules
(14, 15). Because dissociation of formed D-loops is strictly required for
the correct estimation of the induced unwinding in the target duplex
DNA, in separate experiments, we radiolabeled oligonucleotides to
verify that under our gel conditions there was no label at the position
of plasmid DNA. In the shown gel the DNA molecules that are
unwound by the pairing are less positively supercoiled than the relaxed
topoisomers from control reactions. Unwinding due to the pairing can
be measured by counting bands separating the most abundant band in
the samples containing control families of topoisomers and the most
abundant band of the topoisomers that had their linking number
locked in the stage of pairing. (Left) Incubation of RecA-covered
94-mers (complete homology to pUC18) induces unwinding by ap-
proximately 6 turns in pUC18. (Right) pBR322 is not unwound by the
RecA-covered 94-mers (having no homology to pBR322). NC, posi-
tion of nicked circular form of pUC18 and pBR322.

FIG. 3. Comparison of unwinding induced by different lengths of
pairing regions. (A) Gel analysis of unwinding induced by pairing of
the 72-mers, 94-mers, and 116-mers. (B) Corresponding densitometric
scans of control reaction products without RecA-covered oligonucle-
otides and unwinding reaction products induced by pairing with
respective RecA-covered oligonucleotides. Scans were produced and
quantified with the National Institutes of Health IMAGE program. The
1.7% agarose gel was electrophoresed for 40 h at 2 Vycm in 0.53 TBE
buffer containing chloroquine at 1 mgyml. Unwinding assays were
performed with only topoisomerase I (Fig. 1A). (C) Unwinding data
obtained from three independent experiments are compared with the
expected extent of unwinding for the model postulating a complete
despiralization of the paired region (upper line) and for the model
assuming that in the paired region each DNA strand participates in
coaxial helical arrangements with 18.6 nt per turn (lower line). To find
mean unwinding values for different experiments, Gaussian fits of the
densitometric scans were calculated with the IGOR 1.24 program by
WaveMetrics (Lake Oswego, OR).

Biochemistry: Kiianitsa and Stasiak Proc. Natl. Acad. Sci. USA 94 (1997) 7839



from the original duplex DNA, and the strand to be displaced
in the reaction has a certain single-stranded character but is
still wound around the newly formed duplex region.
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FIG. 4. Electron microscopy visualization of the pairing reactions between nicked pUC18 and RecA-covered 94-mers. Notice three circular
dsDNA molecules interacting with filaments of RecA. The filaments are frequently composed of several RecA-covered 94-mers (17). The molecule
in the center apparently interacts with individual RecA-covered 94-mer. The molecule on the right side probably interacts with a train of two
RecA-covered 94-mers, whereas the molecule on the left side interacts with a train of three or four individual filaments. However, the DNA enters
into longer filaments only over a length that roughly corresponds to one RecA-covered 94-mer. Thin arrows are an aid to localize DNA contours,
and thicker arrows indicate entry and exit points of DNA into RecA filaments. (Bar 5 100 nm.)
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